Epigenetic aberrations are recognized as having pivotal roles in cancer etiology and progression. Histone deacetylases are among the most studied epigenetic modulators in various cancer types. The expression levels of class I histone deacetylase isoforms 1, 2, and 3 in patient-derived primary osteosarcoma cells (6 cases) was investigated, comparing them to normal bone graft-derived osteoblasts (6 cases) using the immunoblotting technique. Expression profiles of histone deacetylases in high-grade osteosarcoma tissue of 89 patients were examined and their association with clinicopathologic parameters and the patient survival was evaluated. Histone deacetylases were immunohistochemically stained on formalin-fixed paraffin-embedded biopsied tissue. Primary osteosarcoma cells expressed higher levels of histone deacetylase 1 and histone deacetylase 2, but lower levels of histone deacetylase 3 compared to benign osteoblasts. Overall, 82, 99, and 93% of 89 osteosarcomas showed nuclear expression of the histone deacetylase isoforms 1, 2, and 3, respectively. Low levels of histone deacetylase 1 were significantly associated with a high Enneking stage (P = 0.014) and the presence of initial metastasis (P = 0.040), while low levels of histone deacetylase 3 were significantly correlated with age 415 years (P = 0.026). Univariate survival analysis found significantly shorter survival in the patients with a high Enneking stage (Po 0.001), axial location (P = 0.009), presence of initial metastasis (Po 0.001), lowhistone deacetylase 1 expression (P = 0.038), and low-all-histone deacetylases expression (P = 0.016). Multivariate survival analysis showed that only axial location (P = 0.011) and low-all-histone deacetylases expression (P = 0.039) were independent prognostic factors. In subgroup analysis of stage IIB patients (n = 45), only axial location and low-all-histone deacetylases expression were associated with shorter survival in both univariate and multivariate analysis (axial location, P = 0.008 and 0.010; low-all-HDACs, P = 0.013 and 0.038, respectively). Low levels of all-histone deacetylases expression were significantly associated with advanced disease status and short survival. These findings may be a guide to future use of histone deacetylase inhibitors in osteosarcoma patients.
acetyl group from the lysine residue of histones. Four classes of histone deacetylases and 18 histone deacetylase isoforms have been classified in mammalian cells. Class I histone deacetylases consist of histone deacetylase 1, 2, 3, and 8. Class II histone deacetylases are subdivided into class IIA (histone deacetylase 4, 5, 7, and 9) and class IIB (histone deacetylase 6 and 10). Class III histone deacetylases or sirtuins consist of SIRT1-7. The only member of Class IV histone deacetylases is histone deacetylase 11. 7 Interactions of histone deacetylases with each other histone deacetylases and with other proteins are varied and diverse. 7 Alteration of histone acetylation can induce specific gene activation or repression. Overexpression of histone deacetylases has been found to be an independent negative prognosis indicator in various cancers, including prostate, colorectal, breast, lung, liver, and gastric cancers. 8 Some evidence has demonstrated that knockdown of histone deacetylases can induce cell cycle arrest, inhibit cancer cell proliferation and angiogenesis, as well as trigger apoptosis, differentiation and senescence. 9 Four U.S. Food and Drug Administration (FDA)approved histone deacetylase inhibitors, including three non-specific histone deacetylase inhibitors (vorinostat, belinostat, and panobinostat), affect all class I, II, and IV histone deacetylases and one specific Class I histone deacetylase inhibitor (romidepsin). 7 Vorinostat and romidepsin are currently being used with T-cell lymphoma patients. Many other inhibitors are undergoing clinical trials in various cancers. 8 Growing evidence from in vitro and in vivo animal studies has demonstrated that histone deacetylase inhibitors exert their anti-tumor activity in osteosarcoma both as a single drug 10 and acting synergistically with other anticancer agents, [11] [12] [13] [14] sensitize cancer cells to radiation, 15 increase natural killer cellmediated cytotoxicity 16 as well as inducing cell differentiation. 17 These experimental results suggest the probable future use of histone deacetylase inhibitors in osteosarcoma. However, little is known about the mechanisms of histone deacetylases in carcinogenesis and the expression patterns of histone deacetylase isoforms in actual human osteosarcoma tissues.
Understanding the expression profiling of histone deacetylases in osteosarcoma should provide greater insight into the roles of these enzymes in carcinogenesis as well as their association with clinical outcomes. The present study focused on exploring the expression patterns of class I histone deacetylase isoforms 1, 2, and 3 in osteosarcoma cells, and comparing that to benign osteoblasts as well as studying the expression patterns of histone deacetylases and their prognostic significance in a cohort of osteosarcoma patients.
Materials and methods

Patient Characteristics
Eighty-nine osteosarcoma patients diagnosed and treated at Maharaj Nakorn Chiang Mai Hospital, Thailand, between 2000 and 2015, were included in this study. Patients had been treated with a standard neoadjuvant regimen or underwent surgery at Maharaj Nakorn Chiang Mai Hospital and were followed-up for survival analysis until 30 June 2016. The Research Ethics Committee of the Faculty of Medicine, Chiang Mai University, approved the study. Clinicopathological parameters, including date of diagnosis, Enneking staging, location of tumor, tumor size, metastatic status, and percentage of tumor necrosis after chemotherapy were retrieved from hospital records and pathology reports as shown in Table 2 . All primary biopsy slides were reviewed by a bone and soft tissue pathologist (JS).
Patient-Derived Osteosarcoma and Osteoblast Cells
Primary osteosarcoma and osteoblast cells were extracted following to previously reported protocol. 18 Primary osteosarcoma cells were obtained from chemo-naïve tissues of 6 patients. The tissues were washed in phosphate-buffered saline (PBS), minced into small pieces and incubated in 5 mg/ml collagenase type I solution (Gibco, Boston, MA, USA) at 37˚C for 18 h. Cell pellets were isolated by centrifugation at 1200 g for 5 min at room temperature. Cells were cultured in freshly prepared Dulbecco's modified Eagle's medium with 10% fetal bovine serum (Gibco, Boston, MA, USA) at 37˚C in a humidified 5% CO 2 incubator.
Primary osteoblast cells were obtained from bone grafts of six healthy participants who had been diagnosed with other non-cancer orthopedic conditions, and who had required autologous bone grafts for substitution procedures. Osteoblastic cells were extracted from bone samples by sequential collagenase type I-trypsin digestion. The cells were isolated by centrifugation at 1200 g for 5 min at room temperature and cultured in freshly prepared Dulbecco's modified Eagle's medium with fetal bovine serum at 37˚C in a humidified 5% CO 2 incubator. The osteoblastic cells from the 2nd to 4th passages were used for characterization and proteins were extracted for western blotting analysis.
Characterization of Primary Cells
Growth rates of primary cells were measured using a hemocytometer within a specified time period and the doubling time of each cell was calculated. Expression of molecular markers was measured using a quantitative real-time polymerase chain reaction method. 18 Osteogenic markers included collagen type I, osteonectin, and bone sialoprotein. Representative cancer markers were MMP-9 and collagen type X. Alkaline phosphatase (ALP) activity assay was conducted kinetically by monitoring the conversion of p-nitrophenyl phosphate (pNPP) to p-nitrophenol. Alizarin red-S histochemical analysis was performed to measure mineralization ability.
Immunohistochemistry and Scoring
Formalin-fixed paraffin-embedded tissues were obtained from archival paraffin blocks at the Department of Pathology, Faculty of Medicine, Chiang Mai University. Formalin-fixed paraffin-embedded tissues were immunostained using the Ventana automated straining system (Ventana Medical Systems, Tucson, AZ, USA). An Ultraview Universal DAB Detection Kit (Ventana Medical Systems, Tucson, AZ, USA), an indirect biotin-free system, was used to detect primary antibodies. Optimized conditions, including dilution, incubation time, and positive control tissues for each antibody, are shown in Table 1 . [19] [20] [21] [22] Nuclear staining of each histone deacetylase isoform was evaluated (by PC and JS) without prior knowledge of clinical data using a semi-quantitative immunoreactive scoring system. 23 The percentage of immunoreactive cells was estimated and scored as follows: negative = 0, positive staining o 10% = 1, positive staining ≥ 10 and o 33% = 2, positive staining ≥ 33% and o 66% = 3, positive staining ≥ 66% = 4. Intensity of staining was scored on a scale of 0-3: no color reaction = 0, mild reaction = 1, moderate reaction = 2, and intense reaction = 3. Immunoreactive score (IRS) was derived by multiplying immunoreactive cell scores and intensity of staining scores to compute an immunoreactive score ranging from 0 to 12. Histone deacetylase expression in osteosarcoma
Statistical Analysis
Statistical analyses were performed using STATA version 11. The significance of correlation between staining patterns of histone deacetylase isoforms and clinicopathologic data was tested using Student's t-test or one-way ANOVA for parametric tests and the Mann-Whitney U test or the Kruskal-Wallis test for nonparametric tests. Association between histone deacetylase expression and overall survival of osteosarcoma patients was evaluated by univariate survival analysis using the Kaplan-Meier method together with the log-rank test. Multivariate survival analysis was carried out using Cox regression of proportional hazards to probe for significance at the 95% confidence interval (CI). P-values o 0.05 were considered to be statistically significant.
Results
Expression of Histone Deacetylases in Primary Osteosarcoma and Osteoblast Cells
All isolated cells were characterized using specific markers and biological analysis to confirm their osteogenic and oncogenic properties (Supplementary data). Results using the western blotting technique showed that histone deacetylase isoforms 1 and 2 were statistically significantly upregulated in primary osteosarcoma cells compared to osteoblastic cells, whereas the expression levels of histone deacetylase 3 were the reverse ( Figure 1 ).
Expression Patterns of Histone Deacetylases in the Osteosarcoma Cohort
There were 89 osteosarcoma cases available with the clinicopathologic data and paraffin blocks. Overall, patient survival ranged from 2 to 166 months after initial diagnosis with a median of 18 months. Sixty patients died at 2-86 months. Median follow-up of surviving patients (n = 29) was 52 months (range: 13-166 months). Their 1-year and 5-year survival rates were 70 and 32%, respectively. All three histone deacetylase isoforms, histone deacetylase 1, histone deacetylase 2, and histone deacetylase 3, were expressed predominantly in the nuclei of osteosarcoma cells ( Figure 2 ). Cytoplasmic staining of histone deacetylase 2 was found to be partial in one case and strongly diffused in another (data not shown). Positive nuclear staining (Immunoreactive score40) of histone deacetylase isoforms of all cases combined were 82% (histone deacetylase 1), 99% (histone deacetylase 2) and 93% (histone deacetylase 3). Distribution histone deacetylase expression is shown in Figure 3 . Histone deacetylase 2 was the most highly expressed isoform in osteosarcoma, with 55% of all osteosarcoma tissues strongly stained (Immunoreactive score 48). Nuclear expression of histone deacetylase 1, on the other hand, was weak (Immunoreactive score 0 to 4) in 70% of cases.
Correlation of Histone Deacetylase Expression and Clinicopathological Factors
Characteristics of osteosarcoma patients in this cohort are shown in Table 2 . Significant variation of each histone deacetylase isoform was observed among individual histone deacetylase isoforms and clinicopathological factors. Expression levels of histone deacetylase 1 were significantly lower in the late Enneking stages (P = 0.014) and with an initial metastatic phenotype (P = 0.040). Expression of histone deacetylase 3 was significantly lower in adults (age 415 years) than in children (age ≤ 15 years) (P = 0.0259).
Survival Analysis of Expression Patterns of Class I Histone Deacetylases in High-grade Osteosarcoma
Immunoreactive score cutoff points for each histone deacetylase isoform were defined by receiver operating characteristic (ROC) curves: histone deacetylase 1, immunoreactive score = 1; histone deacetylase 2, immunoreactive score = 10; histone deacetylase 3, immunoreactive score = 6. Combined expression profiles of three isoforms of histone deacetylase were combined into two groups: Group 1-none or some histone deacetylase isoforms expressed at immunoreactive score lower than the cu-off (71 cases, 80%), and Group2-all-histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff in (18 cases, 20%).
Univariate survival analysis indicated that low levels of nuclear expression of histone deacetylase 1 (Immunoreactive score ≤ 1) was a significant negative predictor of high-grade osteosarcoma (P = 0.038) ( Table 3 and Figure 4a ). Five-year survival rates were 19% in patients with low-histone deacetylase 1 expression (Immunoreactive score ≤ 1), but increased to 40% in patients with higher histone deacetylase 1 (Immunoreactive score41). Combined histone deacetylases were also significantly associated with shorter survival (P = 0.016). Figure 4b shows the 5year survival rates of 36% and 17% in Group1 and Group2 patients, respectively. Other significant negative prognosticators identified in this study were advanced stage (P o 0.001), location of the tumor at the axial site (P = 0.009), and the presence of metastases at initial evaluation (P o 0.001).
Only low expression of combined histone deacetylases (HR: 2.29 (1.16-4.51), P = 0.017) and axial location (HR: 3.12 (1.30-7.52)) continued to be independent poor prognostic factors in the multivariate survival analysis (Table 4 ).
Survival Analysis of Expression Patterns of Class I Histone Deacetylases in Stage IIB Osteosarcoma
Stage was a strong indicator of a poor prognosis (Figure 5a ). Half the stage III patients died within 13 months and only 12% (4/34) survived until the final follow-up (Table 3 ). Subgroup survival analysis was performed with stage IIB cases ( Table 5 ). The 1year and 5-year survival rates of patients with stage IIB osteosarcoma were 82 and 55%, respectively.
Univariate survival analysis showed that all-low -histone deacetylases were significantly correlated with poor prognosis in stage IIB (P = 0.013) (Figure 5b ). The 5-year survival rate was 61% in the not all-low-histone deacetylases patients, whereas it decreased to 29% in the all-low-histone deacetylases patients. Another significant negative prognosticator observed in stage IIB osteosarcoma was axial location (P = 0.008). Initial metastasis (P = 0.057) and lowhistone deacetylase 1 expression (P = 0.051) were marginally associated with shorter survival. (Table 5) In multivariate analysis, all-low-histone deacetylases (HR: 3.61 (1.08-12.10), P = 0.037) along with axial location (HR: 6.34 [1.55-26.04), P = 0.10) continued as significant poor prognostic factors in stage IIB (Table 6 ).
Discussion
To our knowledge, this is the first report on the association of expression patterns of histone [24] [25] [26] [27] The most studied metastatic mechanism in this bone tumor was the Fas/FasL signaling pathway. Fas ligand (FasL) was constitutively expressed in some organs, including lungs. When tumor cells carrying Fas receptors migrate to the lungs, the receptor binds to its ligand to form a ''death-inducing signaling complex''. 24 This assembly further triggers apoptosis via Caspase 8/Caspase 3 activation. Thus, only Fas-negative osteosarcoma cells can form lung metastases. Surprisingly, after treatment with the histone deacetylase 1/3-specific inhibitor, the Fas gene was upregulated in LM7, CCH-OS-D, and U2OS osteosarcoma cells, eventually resulting in cell death. [25] [26] [27] This significant function of histone deacetylases was confirmed in an in vivo study that demonstrated an anti-metastatic effect of MS-275, an histone deacetylase inhibitor, in nu/numice with osteosarcoma lung metastases. 28 This evidence illustrates the pivotal roles of histone deacetylases in lung metastases, particularly, through Fas/FasL complex modulation. P-values were calculated with the log-rank test, P-value o0.05 shown in bold. a Group1-none or some histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff. b Group2-all-histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff.
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We also identified a significant association between low-histone deacetylase 1 expression as well as low-all-histone deacetylases expression and short overall survival in high-grade osteosarcoma patients. These results suggest that the expression patterns of class I histone deacetylases have an effect on the behavior of osteosarcoma which may have clinical implications. Our data point out the possibility that dysregulation of histone deacetylases in osteosarcoma might contribute to disease progression. This finding can be explained by considering molecular functions of histone deacetylases in regulating the activation and/or repression of diverse oncogenic and tumor suppressor genes. That is, an alteration of histone deacetylase expression during the progression of osteosarcoma cells might critically affect a wide range of downstream signaling pathways. Several studies have demonstrated significant changes in the expression levels of resultant proteins upon the inhibition of histone deacetylases. For example, the MDM2-p53 feedback loop was reactivated as a result of an increase in p53 expression and a decrease in MDM2 expression which subsequently resulted in suppression of proliferation of osteosarcoma cells. 10 Another study suggested that histone deacetylase inhibitor might enhance natural killer cell recognition of cancer cells by inducing an P-values o 0.05 were shown in bold. a Group1-none or some histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff. b Group2-all-histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff. Group1-none or some histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff; Group2-allhistone deacetylase isoforms expressed at immunoreactive score lower than the cutoff. 29 In addition, low-all-histone deacetylases expression was found to be independently correlated with short survival, not only in the entire osteosarcoma cohort but also in the subgroup of stage IIB patients. This finding indicates a benefit to defining a highrisk group among osteosarcoma patients, especially in patients without initial metastasis. Similar correlations have been observed with other cancers. Bernard et al. 19 reported that lower expression of histone deacetylases and the histone modifications correlated with the lowest patient survival in colorectal cancer. High expression of histone deacetylase 1 and histone deacetylase 6 correlated with better patient survival in ER-positive breast cancers, while high histone deacetylase 2 expression was associated with improved overall survival in ER-negative groups. 30 Expression levels of histone deacetylases may not necessarily indicate clinical sensitivity to histone deacetylase inhibitor. The present study demonstrated that histone deacetylase overexpression was not a negative prognostic marker in osteosarcoma; indeed, a decrease in the expression levels of combined class I histone deacetylases isoforms was independently associated with poor prognosis. Interestingly, it was found that histone deacetylase 1 and 2 were upregulated but histone deacetylase 3 was downregulated in primary osteosarcoma cells compared to osteoblastic cells (Figure 1 ). Considering histone deacetylase 1 and histone deacetylase 2 patterns in normal osteoblast differentiation, expression of protein and mRNA of both histone deacetylases decreased during the process. 31 Low levels of histone deacetylase 1 were observed in differentiated osteoblasts. With RNAi knockdown of histone deacetylase 1, it was found that osteoblast differentiation was re-activated, suggesting that histone P-values were calculated with the log-rank test, P-value o0.05 shown in bold. Undefined; the estimated median survival was not reached. a Group1-none or some histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff. b Group2-all-histone deacetylase isoforms expressed at immunoreactive score lower than the cutoff.
Modern Pathology (2018) 31, 264-274 deacetylase 1 has a role in suppressing osteoblast differentiation. 32 Unlike histone deacetylase 1 and histone deacetylase 2, histone deacetylase 3 works as a transcriptional co-repressor of transcription factors involved in osteoblast differentiation. 31 Expression of histone deacetylase 3 is maintained throughout the normal differentiation process. Our findings confirm that histone deacetylase expression patterns in osteoblasts and osteosarcoma cells are different. Epigenetic regulation might contribute to transformation of osteoblastic cells to a malignant phenotype, thereby warranting targeted osteosarcoma therapy. Much evidence has demonstrated the anticancer activity of knockdown of histone deacetylases, including an induction of cell cycle arrest, apoptosis, differentiation and senescence, as well as an inhibition of cell proliferation and angiogenesis. 9, 33 Also, the results from in vitro cytotoxicity testing confirm that an alteration of epigenetic regulators, particularly histone deacetylases, was a key event in tumorigenesis of osteosarcoma. 13, 34 This study suggests a rationale for targeting histone deacetylases in osteosarcoma, which is potentially useful in the treatment of the majority of patients.
A strength of this study is that it included the primary biopsy formalin-fixed paraffin-embedded tissue of all 89 osteosarcoma cases, including complete clinicopathologic data and survival data. This is the first study of the association between histone deacetylase expression patterns and patient survival. Two potential weaknesses are that there may have been changes to or differences in treatment protocols during the long study period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) and the rarity of this type of tumor.
In conclusion, this study demonstrates that expression patterns of class I histone deacetylase isoforms are correlated with clinical outcomes in osteosarcoma. Low levels of all-histone deacetylases are potentially poor prognostic markers for patients who were metastasis-free at the time of diagnosis. This finding also suggests using histone deacetylase inhibitor in treatment of osteosarcoma. Further studies could address potential mechanisms of epigenetic regulation through histone acetylation in tumorigenesis and progression of osteosarcoma, particularly the metastatic phenotype. 
